The phenomenon of the etiolated hook is not restricted to the hypocotyl of the dicotyledenous plant (e.g., Phaseolus) but appears to serve a similar, adaptive function in the petioles of certain rhizomatous plants. The commonly employed regulants of hypocotyl hook opening were tested for their effect on the petiolar hook of Dentaria diphylla. The hook was found to require both light (red light promoted, far red inhibited) and the intact leaf for opening. The leaf requirement was fully replaced by gibberellic acid (0.04% in lanolin) but only in light; cobalt chloride (0.1-1.0 mM) promoted a partial opening in dark with or without leaf; and coumarin (1 mM), indoleacetic acid (1-4% in lanolin), and ethylene 10 microliter per liter all inhibited opening of hooks with or without lamina. The absolute requirement for light and leaf tissue and the replacement of proximal tissue by GA,3 alone represent marked differences in the physiology of hypocotyl and petiolar hooks. These differences are believed to indicate the necessity for concomitant leaf maturation in petiolar hook opening.
The role of light and growth regulators in the opening of the hypocotyl hook of the etiolated bean seedling has been the subject of extensive research (4-7, 9, 13, 15) since Withrow reported (16) that it was a phytochrome-mediated process. However, the phenomenon of the hooked nature of an etiolated organ is not restricted to hypocotyls. The etiolated leaves of many herbaceous perennials (e.g., Dentaria, Claytonia, Dicentra, and Viola spp.) display a pronounced hook in the petiole just below the lamina. In such species, the petiolar hook remains closed during the emergence of the leaf through the soil covering. Once exposed to light, it opens slowly, and the lamina unfurls with concomitant greening.
There has been no previous detailed study concerned with the elucidation of the roles of the phytochrome system, growth regulators, or adjacent organs in the opening of the petiolar hook. The data presented in this paper are from experiments designed to define these roles. Dentaria diphylla was chosen as source material because large numbers of uniform leaves are easily obtained from a clonal stock of its rhizomes. The slow opening of these hooks in light made possible the utilization of both etiolated and fully green hooks.
MATERIALS AND METHODS
Etiolated leaves displaying pronounced petiolar hooks were obtained from rhizomes grown in trays of moist vermiculite maintained in a darkened incubator at 23 C and 80% relative humidity. Green petiolar hooks were obtained by placing rhizomes containing newly initiated, etiolated leaves in a growth chamber maintained at the same temperature and relative humidity but with light (200 ft-c) given on a 12-hr photoperiod. Following 4 days of light treatment, the petiolar hooks had opened only 12 to 150. All petiolar hooks, unless otherwise noted, were used from leaves of 6 to 10 cm length. When they were detached from the rhizome by means of a razor blade, the excision was made 3.5 cm below the lamina. In some experiments the lamina was likewise removed at its point of attachment to the petiole. Petiolar and petiolular angles were measured by tracing those portions of the leaves as indicated in Figure 1 .
In the experiments involving light treatment the source of red light (45 ,uw/cm') was a bank of cool IAA and GA3 were applied to the concave portion of the hook 1 mm below the lamina as lanolin pastes (4 and 0.04%, w/w, respectively, unless otherwise noted). The hooks were maintained in the vertical position as in the light treatments above. This position was found to be necessary because of the severe twisting of the petioles when placed in a horizontal position.
Treatment with coumarin (1 mM), CCC1 (10 mM), CoCl2 (0.1 mM), and sucrose (1%, w/v) consisted of floating the petiolar hooks on aqueous solutions of these chemicals. Generally three to five hooks were placed in a 6-cm Petri dish containing 10 ml of these solutions.
For ethylene treatment the petiolar hooks were placed upright in a 25-ml rubber-stoppered serum bottle containing 10 ml of distilled water. The gas was injected in an amount sufficient to give a concentration of 10 1l/liter.
RESULTS
The most obvious result of the present study was that petiolar hook opening in nature occurs concomitant with maturation of the lamina (Fig. 1) . Measurement of numerous leaves from a clonal population of Dentaria grown under uniform environmental conditions demonstrated this relationship (Fig. 2) . While petiolar elongation continues in the dark, maturation of the lamina and hook opening occur only in the light. It was frequently observed that etiolated petioles, even up to 100 cm long, still had very small, tightly rolled laminae.
It is known that maturation of the dicot leaf as characterized by unrolling and expansion of the lamina is controlled by the phytochrome system (1, 4, 11) . The effect of red and far red light on petiolar hook opening and lamina maturation were therefore examined. The data of Table I show that red light promoted maturation of the lamina with concomitant hook opening. As opening progressed, the hook "moved" to the lamina and finally disappeared. Both events were accompanied by suppression of petiole growth. Moreover, leaf morphogenesis, including petiolar hook opening, under far red light was very much like the dark control. Petiolar hook opening always followed extensive growth and greening of the lamina (Fig. 2) .
The effect of the removal of lamina and rhizome on petiolar hook opening was tested to ascertain the involvement of contiguous tissue (Table II) . This experiment involved the use of both mature (green) and immature (etiolated) leaves subjected to conditions of continuous red light or darkness.
Removal of the rhizome retarded hook opening of the the presence of the lamina made no difference. Coumarin was found to produce only a transitory inhibition of hook opening which was hardly evident after 5 days. Cobalt chloride, a chemical known to replace partially the light requirement in some photomorphogenetic systems, was found to exert a promotive effect on opening of petiolar hooks. This promotive effect was manifest in petioles with and without lamina and in both light and darkness. It must be noted, however, that CoCl, never promoted full opening in the dark.
The data presented above strongly suggested a direct role for GA3 and a mature lamina. It was evident that further evidence for such a role might be obtained through the use of CCC, an inhibitor of GA3 synthesis (3, 14) . The data from such an experiment are reported in Table IV . Green hooks were used to minimize the time required for observation of an effect. The inhibitor not only caused a retardation of opening but prevented expansion of the tripartite divisions of the leaf. This expansion is a function of petiolular angle opening (Fig. 1) and is a constituent part of leaf maturation. This effect of CCC has not been previously reported.
Another aspect of leaf maturation related to the greening of a leaf is photosynthetic carbohydrate production. If etiolated leaves are placed in a solution containing sucrose under continuous red light, petiolar hook opening is promoted slightly (Fig. 3) . However, data not reported here indicated that sucrose alone would not cause hook opening in the dark.
DISCUSSION
The hook of the etiolated petiole of the rhizomatous leaf responds to light in a manner unlike that of the primary cauline leaf or hypocotyl of the dicot seedling. As described by Downs (4), the petiole of the primary cauline leaf of Phaseolus elongates only after exposure to red light, and both its elongation and that of the lamina are prevented by far red light. The petiole of the etiolated rhizomatous leaf of Dentaria behaves in the opposite manner while the lamina still requires red light for its development. The opening of the hypocotyl hook is rapid (24-48 hr) and apparently under direct phytochrome control (4, 7, 16) hand, the petiolar hook of the rhizomatous leaf requires both light and maturing lamina for opening. This maturation often requires many days (Fig. 3) .
The rapid opening of delaminated petiolar hook, induced by GA8 (Table III) in the light, indicates that this regulator replaced the requirement for a mature lamina. It also indicates that the petiole itself need undergo no further degree of maturation for straightening. The significance of the increase in petiolular angles to lamina maturation and petiole straightening (Table IV) remains a subject for further study.
The need for prior lamina maturation, complete replacement of the maturing lamina with GA., the effect of CCC (Table  IV) , and sucrose (Fig. 3 ) all point to a consistent explanation of the environmental and physiological mechanisms involved in petiolar hook opening. Red light obviously leads to a maturation of the leaf lamina. As the leaf matures, it produces gibberellin and carbohydrate which diffuse downward and cause the differential petiolar growth necessary for hook opening. Abundant evidence exists in the literature for the feasibility of this hypothesis. Red light is known to be necessary for the elongation, unrolling, and expansion of leaf laminae (1, 4, 11, 12) . Furthermore, Beevers et al. (1) and others (2, l0) have provided evidence that these red light-triggered events in leaf maturation are mediated through a concomitant rise in gibberellin levels. Evidence also exists from the work of Reid et al. (14) that this red light-induced gibberellin synthesis in the developing lamina can be prevented by CCC. That some photomorphogenetic responses require a certain stage of maturity characterized by ability to synthesize carbohydrates is evident from the work of Klein et al. (8) . The lack of effect of GA8 in promotion of petiolar hook opening in the dark may also reflect this requirement for a carbohydrate supply. A lack of GA3 effect in the absence of light has also been reported for hook opening in bean by Kang and Ray (5) . A promotive effect on hypocotyl hook opening for GA. was found by Powell and Morgan (13) . It should be noted, however, that exogenous GA, is not indispensable for opening of the hypocotyl hook but is for opening of the hook of the delaminated petiole.
The inhibitory effect of IAA and ethylene on petiolar hook opening resembles that of coumarin in being transitory although it is much longer lasting (Table III) . In preliminary data not reported here, IAA was found to exert a slightly promotive effect on hook opening in green leaves. This effect might reflect an ability of the green petiole to synthesize its own supply of gibberellin, the action of which is promoted by exogenous IAA. Such GA8-IAA synergism is not uncommon in the growth of organs without meristems.
The partially promotive effects of the cobalt ion are similar to those observed by Kang and Ray (5) and Klein (7) for opening of the bean hook. Up to the present time this ion remains the only promotive agent of petiolar hook opening in the dark.
The present study has demonstrated some of the mechanisms involved in the opening of the hook of a previously unstudied etiolated organ. The findings strongly indicate that the petiolar hook opening is the result of several phytochromemediated, intermediate, morphogenetic events. Preliminary experiments with petiolar hooks of the rhizomatous leaves of Dicentra and Viola spp. also indicate that the mechanisms described for Dentaria are operative in these cases.
